Zinc oxide tetrapods (ZnO-Ts) were synthesized by flame transport synthesis using Zn microparticles. This work herein reports a systematical study on the structural, optical and electrochemical properties of the ZnO-Ts. The morphology of the ZnO-Ts was confirmed by scanning electron microscopy (SEM) as joint structures of four nano-microstructured legs, of which the diameter of each leg is 0.7-2.2 μm in average from the tip to the stem. The ZnO-Ts were dispersed in glucose solution to study the luminescence as well as photocatalytic activity in a mimicked biological environment. The photoluminescence (PL) intensity in the ultraviolet (UV) region decreased with linear dependence on the glucose concentration up to 4 mM. The ZnO-Ts were also attached with glucose oxidase (GOx) and over coated with a thin film of Nafion to form active layers on Si/SiO2/Au substrate for electrochemical glucose sensing. The attachment of GOx and the coating of Nafion onto ZnO-Ts were confirmed by Fourier transform infrared spectroscopy (FT-IR). Furthermore, the current response of the active layers based on ZnO-Ts was investigated by cyclic voltammetry (CV) in various glucose concentration conditions. Stable current response of glucose was detected with linear dependence on the glucose concentration up to 12 mM, which confirms the potential of ZnO-Ts for biomolecule sensing applications.
INTRODUCTION
Zinc oxide (ZnO) is a well-known semiconductor material that has gained renewed interest in the past decade due to the developments of growth technologies and the availability of high-quality ZnO bulk single crystals. Owing to a wide direct band gap (3.37 eV), large exciton binding energy (60 meV) 1 , and high electron mobility (440 cm 2 V -1 s -1 ) 2 , ZnO has been used for various applications including gas sensors, optoelectronics, and photovoltaic devices 3 . By controlling the parameters during fabrication processes, ZnO can be synthesized in a broad variety of morphologies such as nanotetrapods 4 , nanotubes 5 , and nanowires 6 . Among these structures, nanotetrapods have attracted significant attention due to their unique morphology consisting of four legs connected together in a tetrahedral symmetry. Recently, it has been reported that nano-microstructured ZnO-Ts can be synthesized by flame transport synthesis 7 in a rapid and upscalable approach. Compared to conventional nanostructured ZnO particles, the nano-microstructured ZnO-Ts can reduce cellular uptake while still exhibiting specific nanomaterial properties due to the nanoscale tips. Due to the anisotropic nano-microstructure, ZnO-Ts have the advantage of multiple electron transfer paths, high chemical stability, and biocompatibility, which make the ZnO-Ts promising candidates for various biosensor devices. Diabetes is a growing worldwide public health problem and the number of people with diabetes is projected to increase from 171 million in 2000 up to 366 million by 2030 8 . Due to complications of diabetes such as insulin deficiency, the human body is unable to properly regulate the glucose levels in the bloodstream, and an untreated condition may lead to mortality. Glucose is the primary source of energy for cells in the human body and is directly dependent on insulin for transportation into the cells. Therefore, glucose can be utilized for the diagnosis and monitoring of diabetes. Various glucose biosensors have been widely investigated and developed in the past five decades for this purpose. Currently, the electrochemical glucose biosensor based on glucose oxidase (GOx) is the most successful one due to its selectivity to glucose. The GOx is an enzyme embedded with a flavine adenine dinucleotide, which is responsible for catalyzing the oxidation of glucose according to the following reaction.
However, there are still challenges in the development of glucose biosensors, mainly the immobilization of GOx while retaining the enzyme activity and the realization of direct electron transfers between the interfaces. To achieve these goals, various functional nanostructured materials as supporting matrix have been investigated to optimize the glucose biosensor during the past decade. Recently, ZnO nanotetrapods 4 have been reported as one of the promising candidates. The PL prope PL emission ultraviolet (U recombinatio vacancies 10 . I peak intensity The change i ZnO-Ts with dependence o presence of g glucose. The Glucose concentration (mM)
efficiently. The current response of the active layers to various glucose concentrations of 1 mM to 40 mM was measured, of which the first four measurements are shown in Figure 6c . The anodic current peak at fixed potential 0.6 V is found to have a linear dependence on the glucose concentration up to 12 mM, and then approaches to a saturation plateau ( Figure  6d ). It is known that the glucose level in a normal range is between 4.4-6.6 mM 12 , and above for diabetes patients. It is reported that the saturation plateau is 4.2 mM for nanotubes 13 , 4.5 mM for nanocombs 14 , and 6.5 mM for nanotetrapods 7 , which barely cover the diagnosis range for diabetes. In this work, the glucose concentrations of saturation plateau is 2-3 times higher than those in literature and provides a wider linear monitoring range and a higher limit of detection. This shows the potential of the ZnO-Ts for the fabrication of more reliable glucose sensors. Figure 6 . Cyclic voltammogram of active layers a) Au/ZnO-Ts/GOx/Nafion in 5 mM glucose measured at scan rates from 50-100 mV/s, b) plot of the anodic and cathodic peak current versus the square root of the scan rate, c) the active layers and the current response to increased glucose concentrations obtained at the scan rate of 50 mV/s, and d) the deduced calibration curve of current response versus glucose concentration from 1 mM to 40 mM at fixed potential 0.6 V.
CONCLUSIONS
ZnO nano-microtetrapods were synthesized by flame transport synthesis with Zn microparticles. The morphology of the ZnO-Ts were confirmed as four nano-microstructured legs connected together in a tetrahedral symmetry, with each leg exhibiting a tip and stem diameter of 0.7 μm and 2.2 μm respectively. The PL of ZnO-Ts dispersed in various glucose concentrations was investigated. The PL intensity in the UV region decreased with linear dependence on the glucose concentration up to 4 mM. The attachment of GOx on the ZnO-Ts was confirmed in FT-IR reflectance spectra showing two infrared bands at 1637 cm -1 and 1543 cm -1 , which are associated with the peptide bonds in the protein backbone. Cyclic voltammetry showed linear dependence of the current response on the glucose concentrations from 1 mM up to 12 mM. The ZnO-Ts demonstrated a wider linear response range and a higher limit of detection, which reveal the potential of ZnO-Ts for various biomolecule sensing applications. 
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